A variety of Lamb wave methods have been shown to be effective in localizing damage in homogeneous plates. However, many structural components of interest are not simple plates of constant thickness, but are plate-like in geometry with inhomogeneities present in the form of thickness variations. Here we consider aluminum plates with thickness transitions typical of realistic structures. A sparse array of piezoelectric disc transducers is mounted on the plate, and defects are simulated via glued-on masses at various locations. Signals recorded from the sparse array after damage is introduced are compared to baseline signals recorded from the undamaged plate. Both beamforming and feature-based algorithms are implemented to localize damage. It was found that beamforming algorithms are ineffective in localizing damage when received signals are complex; however, images based upon an energy arrival feature were successful in localizing damage and contained virtually no artifacts. Results are shown for two plates, each with a sparse array of six transducers, and with simulated damage located both within and outside of the array. These results are significant because recorded signals are of the complexity expected for real structures.
INTRODUCTION
Various Lamb wave modes have been shown to be effective for detecting damage in plate-like structures for both nondestructive testing [1, 2] and structural health monitoring applications [3, 4] . For structural health monitoring, the sensors for both transmission and reception are of necessity fixed, and the concept of using a spatially distributed array of sensors (also referred to as a sparse array) is being explored by many researchers [5, 6, 7] . In such an array, each transducer can act as either transmitter or receiver, and signals are typically monitored from multiple transmit-receive pairs. Damage is then detected and localized based upon changes in the signals being monitored. The sparse distribution of sensors enables a large area to be monitored with a very small number of sensors. Their spatially distributed arrangement offers the advantage over a compact array of insonifying flaws from a much wider range of angles, resulting in a larger probability of illuminating a defect at a favorable angle for scattering energy to a receiver.
Several strategies have been used for damage detection, most of them based upon quantifying changes in received signals over time. Various "damage index" parameters have been proposed, most of them based upon either waveform differencing or correlation coefficients [8] . If signals are recorded for long periods of time well into the diffuse-like regime, then signal changes are very sensitive to any change in the structure, and various feature-based methods can be used to discriminate damage from benign effects such as temperature and surface condition variations [9] .
Here we consider the problem of damage localization, which could be preceded by a detection phase. As is commonly done, we analyze the differenced signals between the current signals of interest from multiple transducer pairs and one or more sets of baseline signals. For a single damage site in a homogeneous plate, the general location of the damage can be determined by simply noting which of the differenced signals are largest in amplitude; the approximate location of the damage would then be near the corresponding transducers. This idea can be quantified by finding the time of the first arrival for all of the differenced signals, and using an elliptical triangulation method to better determine the location of damage [10] . Beamforming methods have also been successfully used to locate damage in homogeneous plates [4, 7, 11] . At each point in the plate, either RF or envelope detected waveforms can be summed using an appropriate time shifting rule. If there is damage at the point under consideration, then scattered signals will reinforce and produce a large amplitude pixel on the image. Another damage localization method is based upon calculating damage indices from the transducer pairs, and spatially distributing these values to compose an image [8] . Here we apply beamforming methods to inhomogeneous plates, and also consider a new imaging method which offers improved performance over the beamforming approach.
MEASUREMENTS
Measurements were made using a sparse array of six transducers bonded to two different aluminum plates constructed with thickness variations. The transducers were custom built by a commercial transducer manufacturer, and each one consists of an undamped, longitudinally polarized, 2.25 MHz PZT disk, 12.5 mm in diameter, which is epoxy bonded to a wear plate and housed in a stainless steel enclosure. A conventional ultrasonic pulser receiver was used for spike mode transducer excitation and waveform amplification, and a multiplexer was used to switch between the six transducers on both transmit and receive. Waveforms were digitized at a sampling rate of 125 MHz, and each recorded waveform was the average of 50 signals. All measurements were made at ambient temperature in a typical laboratory environment.
The first plate was constructed of aluminum tooling plate machined to two different thicknesses with dimensions representative of an airplane wing cover. The thicknesses were 4.70 mm and 5.72 mm, with a transition radius of 127 mm. The second plate was of a constant thickness of 4.70 mm except for a central rib of thickness 5.72 mm; the transition radius on both sides was 127 mm. Damage was simulated by a glued-on tungsten carbide rod (12.5 mm in diameter, 75 mm long), and waveforms were recorded before and after it was attached at several different locations. For both plates, each measurement set consisted of 15 waveforms corresponding to the 15 possible through transmission pairs. Figure 1 shows the geometry of the two plates including the locations of the transducers and the simulated damage. 
ANALYSIS
Recorded signals are first filtered by convolution with a 3-cycle tone burst pulse at 200 kHz; all subsequent processing is performed on the filtered signals. Next the direct arrival of the signal from each transducer pair is automatically detected to calculate the velocity. For the dual thickness plate, three velocity calculations were made, one using the three transducer pairs on the thinner side of the plate (1-2, 1-3 and 2-3), one using the three pairs on the thicker side of the plate (4-5, 4-6 and 5-6), and one using all 15 pairs. Results are shown in Table 1 along with theoretical values for the So mode. Figure 2 shows all 15 stacked waveforms from which the velocity measurements were derived, along with a plot of arrival time vs. distance. Even though the expectation is that the two different thickness regions should have different group velocities, the experimental data does not support this, probably because of the somewhat broad bandwidth of the filter. A constant velocity assumption is used for the rest of the work reported here. As previously reported for homogeneous plates, images can be constructed of the entire plate by applying a beamforming algorithm to the differenced signals between the current state and the nominally undamaged baseline state [11] . If the assumption is made that no other changes have occurred since the baseline signals were recorded, then the differenced signals will contain only information due to scattering from the flaw. If we neglect mode conversion and assume that only a single guided wave mode is propagating in the structure, then the group velocity of the mode can be used to calculate the time of an echo scattered from a potential flaw at a specified location,
In this equation, c g is the group velocity, (x,,y,) are the coordinates of the transmitting transducer #i, (Xj,yj) are those of receiving transducer #/, (x,y) are those of a potential flaw, and t,j(x,y) is the time from transducer #i to the point (x,y) and then to transducer #j. The scattered signals from all possible transducer pairs due to this potential flaw will arrive at the various times calculated as per Eq. (1). If d,y(t) is the differenced signal (i.e., current signal minus the baseline signal) from transducer pair (i-f), then each of these signals can be windowed about the calculated arrival time for that transducer pair. If there really is a flaw at (x,y), then each of these windows should contain a scattered echo from the flaw, and they can be summed to yield a composite result,
s(t;x,y) = ^ £d t (t-t 0 Mt-t 0 ). (2)
In this equation w(f) is a windowing function. An image of the plate can then be formed where the pixel value is the energy of the composite scattered signal s(t;x,y).
Figures 3(a) and 3(b) illustrate this approach for both a flaw and a non-flaw location for plate # 1. The stacked waveforms are differential signals from the 15 transducer pairs, the vertical axis is the transmitter-flaw-receiver distance, and the straight lines indicate the time window following the arrival time for an echo scattered from the location of interest. Note that for Figure 3(a) , the signals in the window correspond to coherent echoes scattered from simulated damage, whereas for Figure 3 (b) the first arrivals are not at the calculated arrival times. Several observations can be made from these plots. First of all, from Figure  3 (a) it can be seen that the coherent scattering arrivals will be reinforced after beamforming. Secondly, it can be seen from Figure 3 (b) that equally strong reinforcement could occur at non-flaw locations due to the complexity of the scattered signals.
The problem illustrated in Figure 3 (b) suggests using additional information for image generation to reduce the possibility of non-coherent arrivals reinforcing each other. One possible algorithm is to not just consider arrivals immediately following the calculated arrival time, but to also consider arrivals prior to that time, using the fact that if there are earlier arrivals, then the location of interest is probably not from a flaw. Consider calculation of an energy arrival parameter P as follows: 
Note that the quantity E" s l is the energy in a window of width At beginning at the calculated arrival time, and is essentially the parameter plotted for a beamforming image. The quantity E cum is the cumulative energy from the origin until the calculated arrival time. If the arrivals are all coherent, as would be the case from a scatterer at the location of interest such as is shown in Figure 3(a) , then the cumulative energy will be small and the value of P will be close to unity. If the arrivals are not coherent, as is the case for Figure  3(b) , then the cumulative energy will be of the same order as the right energy, and the value of P will be small or negative. Images of this parameter P calculated at each pixel are henceforth referred to as energy arrival images.
RESULTS
Data from plate # 1 were analyzed by first computing the differenced signals between the current state and the baseline state by simple subtraction. These differenced signals were then used to construct both beamformed images of the plate as per Eq. (2) and energy arrival images as per Eq. (3). For the beamformed images, the envelope of the differenced signal was first computed using the Hilbert transform, and a narrow rectangular window of 0.2 \is was used. For the energy arrival images, a 10 \is window was used. [11] , the beamformed images show essentially no evidence of the simulated damage. This result is due to the complexity of the differenced signals, which is caused by several factors. First of all, as can be seen in the stacked signals of Figure 2 , the transducer itself is causing some complexity in the received signals with the initial arrival containing two closely spaced pulses. Secondly, the baseline signals are very complex, containing some evidence of the Ao mode in addition to the dominant So mode, and reflections from edges and perhaps the thickness transition are prominent. Complexity in the original signals causes complexity in the differenced signals because of multiple reflections between the simulated damage and the structure geometry. In contrast, the images of Figures 4(c) and 4(d) unambiguously show the location of the damage with reasonable accuracy and resolution, and no artifacts are present. Clearly the energy arrival algorithm is much more effective for this plate and transducers than the beamforming method.
Data from the second plate were similarly analyzed, but beamformed images are not shown because, as for the first plate, they were completely ineffective in localizing damage. Figures 5(a) and 5(b) show the energy arrival images, again demonstrating clear localization of damage.
SUMMARY AND CONCLUSIONS
Images of simulated damage in plates of non-constant thickness have been presented here, where the images are constructed using both beamforming and energy arrival algorithms from differences in ultrasonic sparse array signals before and after damage. Beamforming, which was successful in previous work with constant thickness plates, was unsuccessful for the transducers and plates considered here, the main reason being the complexity of the received signals. The newly developed energy arrival method was able to successfully localize damage by incorporating both the presence of energy at the calculated arrival time and the absence of energy prior to that time. Key to its success was utilization of data from six transducers, yielding 15 transducer pairs, which contain substantially more information than the six pairs which would be available with four transducers. More transducers does not necessarily mean a higher transducer density since the additional transducers could be distributed over a larger area. This work is significant because the signal complexity is similar to what would be expected in real structures, unlike single guided wave modes in large, flat plates.
